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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICE.
TECHNICAL NOTE NO. 143.

CALCULATIONS FOR A SINGLE STRUT BIPLANE WITH REFERENCE TO
THE TENSIONS INK THE WING BRACING.*
By 0. Blumenthal.

Since the influence of the initial tensions in the wing
bracing on the stressing of airplane parts does not yet appear
to have been sufficiently elucidated, an example will be warked
ocut below for a heavily staggered biplane with a gsingle rigid
outer strut. The general construction and dimensions of the
ailrplane are shown in Fig. 1. In the 1ift wires fy and fy,
and the antilift wires gy and gy, let us assume the same
initial tension V. Let the tensions in the right and left
wings be equal, so that the load is symmetrical with respect to
the center. If £ is the length of a 1lift wire, g +that of an
antilift wire, As and Ag the cross-section, K the-tension in
the 1ift wire and G that in the antilift wire for a given load,
then the changes in length of the wireg with a given load are:

CE

FAr (K- V) and Ag= =2 (g - V) (1)

AT = 2
EAg

the initial tensions in the internal bracing of the wings being
neglected. The loading cases A (horizontal flight) and B
(gliding flight) of the testing and acceptance regulations of the

* From Technische Berichte, Volume III, No. 5, pp. 153-180. (1918).
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Royal Airplane Directorate (Flugzeugmeisterei) are calculated.
If the wires are initially only slightly stressed, or not at all,
then in both cases, the 1ift wires are taut and the antilift

wires slack (low initial tension). If, then, the initial tension

is greater under load, one of the two weight cables remains taut,
while the other is slack (medium initial tension). For still
greater initial tension, both anitlift wires remain taut {(high
initial tension). The calculation differs for the three degrees

of initial temsion. In the first place, the general form of the
calculation will be given in a convenient form and then cases

4 and B will be treated in order. (This procedure differs a
little from the usual method. It was adopted for the sake of o

clearness from the physical point of view.)

1. Calculation.

The airplane is referred to z rectangular system of coordi-
nates with the origin lying in the olane of symmetry of the air-
plane. The x-axis runs from front to rear; the y-axis from bot-
tom to top; and the z-axis in the direction of the spars. The
strut has the coordinate =z, z, and the points where it meets

the spars have the coordinates:

X1 V1 (TOp;Eof front spar)
xz ya ( 4] f1 Tear 3] )
Xs Vs (Bottom of front " )

Xe Va ( B 1 Tear 1 )
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For slightly cambered wing sections, we can put ¥; = %,
¥ = ¥ - The strut may be considered rigid. The constancy of
the lengths of the four sides and a diagonal may be expregsed as
follows:

A%, = Ax, ‘ (3)
AXy. = DX, (3)

(23 - xm) B -4x3) + (va -~ ) (&ys - Bp) =0 (4)

(%, = %) (8%, - 8% ) + (ya-— v2) (Bya - Oy2) (5).

(xg = %) (bxy = Bx3) + (¥4 - 71) (Lys -871) ¢ O (6)

1
)

From edﬁations (5) and (8), since Ax, = Axz and y; = ¥ »
there follows the relation which for brevity will be referred to

as the "rigidity condition,"

(xz - %) (ﬁx_4 -Ax) + (¥e - V1) (A - Any) =0 (7}

In this equation the displacements must be expressed in terms of
the forces. For this purpose, in the first place, the horizontal
force Qp and Q are used, which are exerted on both the up-
per'and the lower wing by the combined action of the wire and
strut. These forces are applied at the coordinate 2z, and act in
the direction of the positive x-axis (Fig. 1).

. The upper wing is held in position by/zggrt struts (coordi-
nate zg) and the lower wing by the attachment to the fuselage
(coordinate z,) (Fig. 1). On substituting for the internal brac-
ing forces of both wings (Figs. 3 and 4) the force and deforma—

tion diagrams, in case A we have the equations:
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AX, = aQo (84) and Ax, = ¢ Qu (oa)
in case B, where the air reactions have a horizontal component,
AxXy = aQp + b (8B) and Axg = cQy + 4 (9B)

with the same values of a and ¢ as in case A.

The displacements Ay, , By, are calculated from the change
in length of the 1ift wires. The immovable fastenings of thisg *-
wire on the lower wing spars are at a distance 2z, from the medi-

an plane of the airplane. Hence

2
£ = (%, - %)% 4 (s = %)% + (25 - 21)

Fn® = (X - 2% + (%2 - 7e)® + (25 - 23)°

If, for the sake of simplification, the change in length of the

spar is neglected and Az, = 0, 1i% follows from differentiation,

that
fy Afy = (x, - x;) Bxx + {y3 - v5) Oy (10a)
fh Afy = (Xa - X‘) Dx, + '(Ya - Ya) AY?., (11a)
hence ) , -
Ay, = ___fﬁ___gfv ~X 7% axl (8)
Y, - % Y, - ¥,
by = — B Ap - %2 T Fa (9)
o - Ve h Y2 ~ Ya °

By substituting in this the values obtained in equation (1) for
Afy and Afy and putting £x,. for Ax; Dby equation (2), we
finally obtain

fo®

—yy - KT T
TE&p (v —Y,Y_(Kv M

i T %

Ay, L4x, (10)



Ay, = Tl (g, - V) - 2T g (11)
2 T B r (v, - ve) B Vo - Y&

in which Ax, is still to be expressed Ly its value in equation
(8)- L |

The values 8, 9, 10, 11, substituted in equation (7) give a
linear relation between Ky, Kp, Qp» Qu and 7V, which will be de~
noted by equation (1).

Three further relations between the forces result from the
equilibrium conditions of the strut. They indicate that the mean
or resultant force of all the forees (equations (12) and (13) )
acting on the gtrut and the moment about the point =x, y;, must
vanigh (equation (14) ). Six forces are involved: two horizontal
forces -Xp and -Xu (in the direction of the positive x-axis),
in the upper and lower wings, and four vertical forces -Y;, -Y%,
-Ys, and ~-Y, (in the direction of the positive y-axis) which act
on the corresponding nodes of the spar. The conditions of equi-

librium are as follows (Fig. 2):

¥ + Xy =0 (12)
Y, + Y, + Y, +Y, =0 ' _ (13)
Yo (xz - X;) + Yo (xz - %) + ¥, (%, - Xy) - '
-Xu (y, - v,) = O« (14)
The newly iniroduced forces are to be related to the wire
tensions and horizontal thrusts. To the case of the forces
Y,, Yo, this is done by a consideration of the elastic equilib-

rium of the upper spar (Fig. 5). . The upper spar is a girder on
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four supports, the two short center section struts at zp and
the two longer vertical struts at #zz. On account of the sym-
metry of the two halves of the spar, only one half need be consid-
ered. In the center, the flexure of the spar has a horizontal

tangent, the point at 2zo 1is fixed, so that

T =y (=0 y(z)=0 ()

For elastic equilibrium in a vertical direction, the verti-
cal components of the air reactions come into question as bend-
ing forces, besides the forces P' and P, at the points 2o
and z, which together maintain equilibrium with the vertical
components of the air reactions, the longitudinal stresses in
the spars being neglected. 1In order to justify this omission, a
second approximation can be made after the whole calculation is
finighed, by applying the calculated longitudinal tension along
the line of flexure. The forces obtained by the first and sec-
ond approximation differ but littlé. (Here the second approxi-
mation has been omitted.) It is a case of determining the flex-
ure of a bar under the influence of a transverse load, in fact,
of a uniform load (the air reactions), and two individual loads
(P* and P) under the initial conditions (equation (15) ).
This simple calculation will not be carried out here. The re-
sult is a linear relation between the thrust P and the dis-
placement Ay of the strut end of the spar. If P 1is consid-

ered positive in the positive direction of vy, +the equations



-7 -

for the two spars take the following form:
Py= Gy + By by, (16) Ph= Gh+ Pn A% - (17)

The values of @ and B are calculated from the air reactions
and the moment of inertia and cross-section of the spar.

The forces P Dbear a simple relation to the strut reac-
tions Y, ,Y,, and the veritical components Kvy, Khy of the ca-
ble tensions. Actually the forces P, KY and Y act at right
angles to the central section of the upper spar. Hence

v s = %5
Y'l:P-K‘V ::Pv- fv Kv

B~V g

Y, = Pp - B = Py -
2 h h h f,
and from (16) and (17)
Y=oy 2 B Twe By oy, (18)
Yo =0’h-z:?—'%h—y'1'Kh+Bh Aye (18)

In these equations we have only to substitute expressions
(10) and (11) for &y,., Ay, and Y,, Yo are then expressed in
terms of Ky, Ky and Qo. It appears, moreover, in the numerical
calculations that the terms By 8y; and Bp Oy, are very small
in comparison with the others and may be neglected in the first
approximation. Y, and Ys are therefore only slightly dependent
on the initial tension.

Further, there is also a relation between the horizontal

force Qo, the components X, Ky* and Xp¥ of the wire ten-
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sions and the force Xo. The equilibrium of the horizontal forces
at the strut ends of the upper wing gives the following

X, = %5

Q = Ko + Ky™ + Kn™ = Xo + g Ky + ~tz—"Tn
and from equation (12)

| - X
Qo = - Xy + Eg_fgfL Ky + _i_§£fi'xh (20)

It is always supposed that this value Qo is brought into equa-
tiong (10) and (11), also (18) and (19).

While the ipitiai tension plays a subordinate role in the
above discussion, it becomes very essential when the relation is
sought between the strut forces Y,, Y, and Xy on the lower wing
and the wire tensions. The formulas are quite different, accord-
ing to whether an antilift wire is slack (?ension G hegative) oT
taut (tension G positive). From the start, four cases are to be

distinguished:

S Low initial tension:

Gy < 0, Gh < O.

My = Medium initial tension with taut front cable:
Gy >0 Gp > 0.

My = Medium initial tension with taut rear cable:
Gr < 0O G < O.

T = High initial tension:
Gy >0 Gp > 0.

The symbols 5, My, My, T are affixed with this meaning as indi-

cators to the formula numbers.
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For the calculation of ¥, and Y, it is assumed that the
lower spar is comnected by a hinge joint with the fuselage at
Zy , the attachment of the left cable. The vertical components
of the air reactions acting on the lower spar, are held in equi-
librium by a vertical force R' at the point 2z, and a vertical
force R at the end of the strut z,, both forces being reck-
oned positive in the positive direction of y. If the weight
cable acting on the lower spar is slack, Y =R. If, however,
it is taut, besides Y and R, the vertical component of the ca-
ble tension acts in a vertical direction on the center section

of the lower spar. Hence we have

Y=R-V=Rr-2_%

In the four cases of initial tension, we thus obtain the

following equations:

Y, = Ry ; (21 s)
Y, = By - F — % g- ° Gy (31 My)
Y5 = Ry - ) (31 My)
Y, = By - _Zl_;l3cv (21 T)
&y
Y, = Rp (22 s)
Y‘_ = Rh . (22 Mv)
Y, = By - —2—Yagy (22 My)
% .
V. - ¥,

The equilibrium of the horizontal forces on the strut end of the

lower wing gives the following relation between Qu and Xy
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e

and the horizontal force components

. - - X
Gv:il___}ié. Gy and th=z2____*.(;h

N &v €n
. of the antilift wire tensions.
Qu = Xu (23 8)
Q= Xy + D2 Gy (25 ¥y)
v
: Qu = Xy + TRp—* G (23 M)
Qu = Xu + EL_:_EA.GV + fa_Z_fs.Gh {23 T)
Ev &n

If, in equations (13) and (14) the values of Y in equa-
tions (18), (18), (21) and (22) are substituted, we obtain two
equations between Ky, Kn, Gy, Gh, Xy, which will be designated
by (II) and (III). Equation (I), in which Qo and Qu are ex-
pressed in terms of equations (30) and (33), give, with equations
(II) and (III) three linear equations for the five unknowns Ky,
Eh, Gy, Gn, and X- The two equations still lacking, are rela-
tions between KX and G, which are obtained Yy purely geometri-
cal processes. The antilift wires are fastened to the upper
spars at the points of attachment of the short struts. This end
of the antilift wire is thus rendered immovable. Now let, for
example, the front antilift wire be stressed, so that_ Gy > 0.

From the relation gg? = (%3 - x,)° + (n - v, )7+ (22 ~ 2o)°
it follows, on account of the fixity of the peint 3, ¥y 2o,

that
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By 88y = (X — x1) 8%xs + (ya - V1) Ovs + (22 - 25) A2z, and if
the extension of the spar Az,, is neglected,
g, B8r = (%, - x;) 8%, + (v5 - ¥3) O7s:
Subtracting the rigidity equation (4)
0= (x5 - x,) ( A%y —.Axl) +(ys = 1) (Ays ~Byy)
which, from equation (10a), gives
g Agy = (%3 - x,) 8%, + (9 - ¥p) by; = - £y Afg.

By substituting the values in equation (1) for Ag and AT,

we obtain

£- 2 g 2 fvz gvz )
or, ' _
_ Iy g (24)
Gy =~ Y% Ky + (1 + Y5) V, Ty = &2 K

and correspondingly, when the rear weight cable is taut,
Gh =—-Yn Kn + (2 + Yo) V, Y ==£ﬁ;- ég (25)
&8 Ar
These values are to be put in equations (21), (22) and (33), as
well as in equations (I), (II) and (III).
The four cases of initial tension are characterized by the

following inegqualities:

(d)}

oY By + (14 %) V<O -9 K (1+yy) V<O,
My: =% K, + (1 +v,) V>0 -“Yn ¥y (1+ ¥y) V< O,
Mp: —vg By + (1 4+ vy) V< O —yy Ky (1+ yp) V>0,

T: -y, Ko + (1 + Yy) V>0 ~Yn Ky, (L+vy) V>o0.
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II. Numerical Calculation.

The dimensions of the airplane are to be taken from Fig. 1.
Let the full load be 740 kg (1631.4 1b), the weight of the wings
100 kg (220 1b), the moment of inertia of the front upper spar
Iy = 78.9 cm* and that of the rear upper spar Ip = 63.5 om*,
the cross-section of the 1ift wires As =-0.137 cw® (.0197 in?)
and of the antilift wire Ag = 0.0880 cm® (.0136 in®)

Then Qo = - X, + 0.248 K, + 0.132 Ky (20)

Yy = 0.777  (24) Yy = 0.783. (25)

The assumption that the loads on the upper.wing and the lower
wing are in the ratio of 11 : 9 wunderlies the calculation of
the air reactions; and, further, that the center section of the
upper wing between the short cabane struts only carries half its
normal load and that, in both wings, the end poritions, at the
wing tips, only carry three-fourths. From the air forces thus
calculated, the uniformly distributed weight of the wings is de-
ducted. 1In the subsequent summation of the forces acting on the
spars, the vertical forces are measured positively in the posi-
tive direction of vy, and the horizontal Fforces occurriné in

case B are measured positively in the positive direction of x.



Case A.

Forces

Retween snort
cabane sitruits

M3iddle eection
of wing be-
tween struts

Wing

tips

beyond struts

kg/cm | 1o/ft | kg/cm| 1b/ft kg/om | 1b/Tt.
UPPER SPARS
Front spar vertical | .158 .0114 | .381 | .0261 .259 . 0187
Rear spar vertical | .115 .0083 + 263 0180 -189 -0137
I.OWER SPARS
Front spar vertical - - .180 . 0116 «113 . 0083
Rear spar vertical — - -180 . 0130 -128 .0083
Cagse B
Eetween short |Kiddle section Wing tips
cabane struts | of wing be- beyond struts
Forces tween struts
kg/cm | 1b/ft | keg/om [1b/ft kg/cm| 1b/ft
UPPER SPARS
Front spar verticalj-.0108 |-.0008 -.0347 }-.0018 -.0177|-.0013
Rear spar vertical{ .2700 . 0195 .8170{ .0448 -.4430! .0330
Horizohtal ,0864 | .0082 L1970} .0143 .1420{ .0103
LOWER SPARS _
Front spar vertical - -—— | -.0934{-.0088 | -.0680{-.0048
Rear spar vertical - - .4180! .0301 .3850| .0213
Horizontal - ~— -1075( .0078 .07831 .0055

The diagonals of the internal bracing consist of two tension wires

of 2 mm (.079 in) diameter.

The elasticity modulus of the wood isg
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1.6 x 10°, +that of the tension wires 1.3 X 10°z* With the aid
of these data, the numbers introduced in Section I may be calcu-

lated. The calculation will be omitted.

III. Treatment of Case A..

In this case we have:

“* 10.7 Qo (8)

% %

Ax, = 10" 15.5 Qu (9)

AX] = 10

Hence, in conjunction with ecuaticn (20)

LY, = 107° [3.88 (Ky — V) + 5.84 Qq] (10)
= 107" (5.33 Ky + 0.77 X - 5.84 Xy - 3.88 V).

ay, = 107" [3.71 (K - V) + 3.02 Qo) (11)
= 1077 0.75 Ky + 4.11 K ~ 3.02 Xy - 3.71 V).

Further,
Py = - 75.6 + 1.68 Ly, (18)

and hence, from equations (10) and (11)

i =75.8 - 0.0085 ¥V : (18}
Y, = 0.0010 Ky + 0.471 Ky - 0.0040 %y ~
-55.0 - 0.0049 V. (19)
Lastly, Ry = - 34.4, Rn = - 38.9

Equations (I), (II) and (III) assume different forms ac—

cording to the initial tension.

* This small modulus of elasticity for the tension wires is due
to the yielding of the eye connections and is confirmed by exper--

iment.

** Here, in comparison with the alteration in length of the diag-

onal bracing, that of the spars and struts is negligible.
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S. Low Initial Tension.

s

Since, from the preceding,

Ys = - 34.4 (21)
Y, = - 38.9 (23)
Qu = Xu (23)

we obtain the following equations for the forces Ky, Kp, Xy:

398 Ky — 556 Kp + 1690 Xy - 82.8 V =0 (1)
0.483 Ky + 0.471 Ky - 0.0138 X, - 20%.9 -

- 0.0114 V = 0 (1I1)
0.0790 Ky + 37.2 En + 133 Xy - 11380 ~

- 0.337 V = Q. (I11)

Equations (II) and (III) are first solved for Ky and Kp:
Ky = 138 + 3.68 Xy + 0.0139 v (V)
Kp = 307 - 3.59 Xy + 0.0105 V (v)

These values are substituted in (I) and we obtain

Xy = 83.1 + 0.00445 V = Qu (V1)

whence from (IV), (V) and (30)

Ky = 3213 + 0.0303 V (VII)
Kp = 334 — 0.0055 V ' (VIII)
Qo = 59.3 + 0.00233 V (IX)

The values for Y and W given above (equations (24) and
(25) ) show that low initial tension exists for all valuesg V

which satisfy the inequalities
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-0.777 Ky + 1.78 V= -165 + 1.76 V<« O

~0.783 K + 1.78 V= -175 + 1..78 V < O.

| Both inequalities are satisfied for V = 0. For V = 93.8, the
left-hand side of the first inequality passes from negative to
positive values, while the second inequality holds good up to

V = 98.4. The range of low initial tension is V < 83.8. After
thig there ensues an obviously small range of medium initial
tension with taut front antilift wires and slack rear antilift
wires. Within the range of low initial tensions the forces

change extremely little.

Medium Initial Tension, My

‘The calculation will be gone through briefly although the
case is without practical importance on account of the small range

of the initial tension.

Y -V i = V3 o
Y. = Ry -= 2—32 G, = Ry + == Yy Ky -
3 v gv v v g_'.' v BV (21)

i~ % (1 +Y)V =0.376 Ky - - -34.4 - 0.860 V

By
Y, = - 38.0 (32)
Qu-Xu+§—‘————5—C—V=Xu+X3-X1 Yy Ky -
& & (23)
= xagf 2 (14 ¥g) V = 0.205 By + X, - 0-470 V.
v
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650 Ky — 556 Kn + 16890 Xy - 598 V = 0, (1)
0.838. Ky + 0.471 Ky — 0.0138 ¥y - 203.9 -

- 0.871 V = 0, — (11)
27.3 Ky + 37.8 Kp + 133 X; - 11380 - 63.7 V= 0. (III)

From equations (II) and (III):

and from egua- :

tion (I):
X, = 5.78 + 0,187 V. (V1)

Then follow in

order: _ Ky = 141 + 0.798 V (VII)
Kh = 182 + 0.42 V (VIII)
Qo = 53.2 + 0.088 V {IX)
Gy = =109 + 1.18 V (X)
Qu = 34.7 - 0.118 V. (XI1)}

The range of medium initial tension ends with that value of
V for which .
~Yp Kp + (1 + Yp) V=- 143 + 1.45 7V
becomes positive, i.e., V = 98. The range of medium initial

tension is therefore very small, as was to be expected.

?. High Initial Tension (V > 98).

The expression for Y, 1is the same as for medium initial

tension. Y. and @y are, however,
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Y, = 0.388 K - 38.0 - 0.885 V (32}
Qu = 0.305 Ry + 0,109 K + Xy - 0.719 V. (23)

The equations are thereicre, as follows:

650 Ky — 423 Ky + 1620 Xy — 903 V= O (1)
0.838 Ky + 0.860 K - 0.0138 ¥y — 203.9 -
- 175V =0 (1)
373 Ky + 83«4 Ep + 133 %; - 11380 - 165 V = O. (111)
From equations (II). and (III):
By = 3,53 Xy + 154 + 0,044 V (IV)
Ky, = -2,45 X, + 87.2 + 1.99 V (V)
And then, from equation (I) we have in sequence:-
X, = - 14.5 + 0.394 V AvI)
Ky = 117 + 1,03 ¥ (ViI)
Ky = 123 + 1,03 V (VIII)
Qo =5%.7 + 0.0V (IX)
Gy = -91.,0 + 0.98 V _ (x)
Gp, =-96.0 +0.98 7V ' (X1)
Qu = 23,9 £0.0 'V (XI1)

The independence (or imperceptibly small dependence) of the
horizontal forces Qo and @Q; on V is marked. It is based on
the particular dimensions of the airplane and is not a general

property.*

*In any case it is certain that Qp and Qu ares not completely
independent of V. Whether in other airplancs of the S.S.%W. type
they also depend but little on V, must appear from further cal-
culation. Some check is perhaps given by the following:. If the
strut has no lateral depth and the system is staticaily determinate,
Qo and Qu are completely independent of the initial tension, even
for low and medium initial tension, where Q5 and @y in the pre-
ceding example are dependent on the initial tension.
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The coefficients of V in the expressions for the cable ten-
sions Ky, Kn» Gy, Gp, differ but little from 1. Therefore,

these tensions increase approximately as the initial {ension.,

IV. Treatment of Case B.

Case B differs from case A in the exterior forces. All.
quantities, however, which only depend on the geomstrical dispo-
sition of the airplane, remain unchanged. Hence, in all equa-
tions, the coefficients of 7V are unchanged; only the numerical

terms being altered. Hence the calculation can be briefly re-

capitulated.
In the first place _ _
bz, = 107° (10.7 Qo + 413) . (8)
bz, = 1077 (15.5 Qu + 319). _ " (9)

The displacements Ay; and Ly, , therefore, contrary to case
A, receive fixed terms |

Ay, = 107° (5.33 Ky + 0.77 Kn — 5.84 Xy+

. 10
+ 225 - 3.88 V) (10)
AY, = 1077 (0.75 Ky + 4.11 Kp - 3.02 Xy +
11
+90.0 - 3,71 V). (1)
Further
Py = 5.18 + 1.88 Ay, (18)
) Pp = - 139 +1.33 Ay, , . (a7
for which, in conjunction with equations (10) and (11),
Y, = 0.461 Ky # 0.0013 Kp - 0.0098 Xy + (18)

+ 5.56 -~ 0.0065 V

Y = 0.0010 Ky + 0.471 Kp - 0.0040 Xy -
- 129 - 0.0049 V. (19)
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Lastly:

The left-hand sides of the rigidity equations (equation (1) )

are distinguished, for all initial tensions, from those of case
A by the same numerical constant term +7020 derived from
Axy and  Ax,
In the same way, the constant numerical terms of equations
(I1) and (III) are the same for all initial tensions. Since the
remaining terms are already known from case A, we need only write

equations (I), (II) and (III) for low initial tension.

8. Low Initial Tensione.

Y, = 20.2  (21) and Y, = -89.9 (23)

399 Ky ~ 558 Kp + 1890 Xy + 7030 - 22.86 V=0 (I)

0.463 Ky + 0.471 Xp - 0.0138 X, — 193.5 -
- 0.0114 V= 0 (11)

0.0790 Ky + 37.2 Kp + 133 Xy - 19300 -~

- 0.387V =0 . (I1I)
~From these
X¥u = 82.4 + 0.00445 V = @ (VI)
Ky = 123 + 0,0302 V (ViI)
Kp = 290 - 0.0055 V (VIII)
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The conditions for low initial tension are:

~0.777 Ky + 1.78 ¥ = -95.8 + 1.76 V< 0
-0.782 Xy + 1.78 V= -226+ 1.78 V< O.

They are satisfied for V< 54.4. For this value, the first con-
dition ceases to be satisfied. Within the range of low initial
tension, the condition V < 54.4 is, therefore, included just
as in case A, a range of medium initial tension, in which the
front weight cables are taut. This region is, however, consider-
ably greater than in case A ; as is here obvious.

This can be easily explained. In case A , stronger air
forces act upward on the lower rear spar than on the lower front
spar. In case B, the upward directed air forces on the rear
spar are still greater, but on the front spar the air forces act
downward. The lower front spar : accordingly deflects further
from the upper wing than the rear spar, and hence the front anti-
1ift wire becomes taut before the rear one. This effect is

greater in case B than in cage A.

Medium Initial Tension, MNy.

The rigidity equation (I) and the equilibrium equations

(II) and (III) give

Xy = 52.9 + 0.187 V (vi)
Ey = 80,0 + 0.798 V (VII)
Kp = 268 + 0.42 V (VIII)

Qo = 2.2 + 0.086 V (1x)
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Qy = 69.3 - 0.118 V. (X11)

The region of medium initial tension ends with that value of V

for which
~-0.782 K + 1.78 V = 208 + 1,45 V¥

is positive and hence with V = 144. It extends from V =54 +to
V = 144 and is large in contrast with case A. Within this range,
the tensions increase rapidly in the front cables. The horizon-

tal forces change least, the upper increasing slightly and the

lower decreasing, about twice.

T. High Initial Tension (V > 144).

Xy =23.6 + 0.394 V (vI)
Ky = 43.8 + 1.03 V (VII)
ﬁh =182 + 1.03 ¥V (VIIT)
Qs = 12.2 # 0.0V - {1IX)
Gy = -34.0 + 0.98 V (X)
Gp = -142 + 0.98 V (X1)
Qu = 51.4 £°0.0 V. (XI1)

V. Stress in the Spars.

If the initial tension is plotited as abscissa and one of
the stresses, for example K, as ordinate, a curve is obtained

which consists of a broken line with three straight parts, one
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for each of the three regions of initial tension. Naturally the
tensions in the airplane vary continuously with ﬁhe initial ten-
sion. The parts of the curve must, therefore, join at the bound-

ary points of the regions without a jump. This gives gsengitive

tests of the correctness of the calculation. In the present ex-

ample, they agree within the limit of permissible error. Sever-
al general conclusions can be drawn from the results, when the
influence of the initial tension on the longitudinal forces in
the spars is investigated.

Let the longitudinal forces in the spars be represented in

accordance with Fig. 2.

S, Longitudinal force in upper front spar

S2 1 1t i n Tear 1
Ss i u * lower front "
S 4 14 i i 4] Tear 1

Each of these forces is the result of two component forces.

In the firet place, the horizontal forces, through the in-
termediation of the internal stresses of the wing, set up longi-
tudinal forces in the spars which change discontinuously at the
joints. Let the arithmetical mean. Sq, of the longitudinal :
forces acting in the area between the fuselage fastening and the
strut be one comporent of the longitudinal force §. The forces
Sq, are linear functions of the horizontal forces Qp 0T Qy,
in case A without a constant term, and in case B, with a conétant

term.
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. Sig %q Sq S
Case A 0.76Qp -2.23Qq4 1.99Qy -3.85Qu
“  B- 0,768Qp + 35.3| -3.82Q¢ '~ 92.0 1.99Qu'+ 41.4} -3,85Q, - 81.0

In consequence of the wire itensions, a second component force
Sys appears in those spars, to the strut ends of which stressed
wires are attached. These are always'compression_forces which
arise for all initial tensions in the upper spars, for medium
tension in the front lower spar and for high initial tension in
all spars, and coincide with the negative 2z component of the
tension in the attached cable.

Ther,
8 =8q + Sk (28)

in which Sg = 0, when no stressed wire is attached.

If the expressions Qg and Q, are introduced into the
values of the tensions Sy by means of the initial tension,
and Sy is also represenfed by the initial tension, the follow-

ing table is obtained.

S, Sz Sa Sa

18 {-137 -0.0341V} -337 -0.0003V}+46.0 +0.0089V}{-89.0 -0.0171V
Case A{| M |- 80 -0.832V | -3877 -0.513V }|+160 -1.30V -134 . +0.455V
U T |- 55 -0.881V | -340 -0.900V |+123 -0.83V ~-6.0 -0.84V

(1 S |- 85 -0.02341V{ -380 -0.0003V |65 +0.0089V|-321 -0.0171V
, Case By{ M =315 -0.833V |-329 -0.513V 831 -1.30V |-348 +0.455V

+7.1 -0.881V {-378 ~0.900V ;+1723 -0.83V |[-158 -0.84V
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The specially importanty tenéions S; and 8, are represent-
ed in Fig. 6.

If the basic weight of +the airplane G = 740 kg (1€31.4 1b)
is increased-tq a multiple m G, only the constant terms in-
crease m-fold, while the coefficients of 7V, on the other hand,
remain unchanged. The spar itensions increase in proportion to
the total load, only when the initial tension increases propor-
tionately. It is, therefore, advisable not to express the ini-
tial tension as hitherto in kilograms.buj}-.in percentage of the
total load. This is the unit in which the ten;ions are measured.

Then the ranges of the three initial tensions are:

Initial tension
S M T

Cagse A | Below 12.7%4 | From 12.7 to 13.2% | Above 13.2%
Case B " 7.3% "o 7,3 " 19.5% ¥ 19.5%
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- Gase A
1b 0 110.2} 330.5] 330.7] 440.9) 551.3) 661.4
v kgt O 50 1¢0 150 200 250 300
A 0 6.8 12.5{ 20.3| 27.0 33.8 40.5
S, . -137| -138 |-143 |-187 |-331 |-275 |-319
S, « - - . -337] -337 -330 {-375 |-430 {-485 |-510
S . . . +48] +46 +40 |-1.0 - 42 -83 |~-124
Sg = = = = « - -891{ --90 -~90 |-133 -174 |-316 }-388
Buckliné factors
of safety
Rear upper 5.7t 5.7 5.7 5.0 4.5 4.0 3.7
Buckling factors
of safety
rear lower 13,0(.13.0 }13.0 8.7 8.6 5.3 4.5
Case B
1b} © 110.23] 320.5{ 330.7| 44£0.3| 551,23} 661.4
V......kg{ O 50 100 150 200 250 300
A 0 6.8/ 13.5] 20.3} 27.0| 33.8] 40.5
5 - - . . -85 -66 -95 |-135 -189 -313 -357
S - . .. . ~360{-360 |-380 |-413 -458 -503 {-548
S - . - . . +165}+165 +111 +49 +8.0 -33 -74
S =+ <« <« .+ 4 . -3311-333 -302 -384 |-326 |-388 {-410
Buckling factors
of safety
Rear upper 5.2} 5.3 4.8 4.5 4.1 3.7 3.4
Buckling factors
of safety
Rear lower 3.6} 3.6 3.8 4.0 3.5 3.1 2.8
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The compression in the sgpars generally increases with in-
creasing initial tensions. This compression, hardly noticeable
in the range of low initial temsion, is considerable with high
initial tension. With medium initial tension, the compression
in the.rear lower spar is slightly diminished. By initially
stressing the wires, the spars are not appreciably relieved.

This is the principal result of the calculation.*

The question also arises as to how much the initial tension
diminishes the strength of the airplane. 1In the above cases,
only the rear spars are endangered and, indeed, in the absence
of initial tension, in case A principally, the upper spar, and in
cae B, the lower spar. As a measure of the danger, the Ehler's
buckling safety factors of the paris between the fuselage support
and the strut are given in the table, in which these parts are
considered as hinge-jointed at both ends. This assumption ap-
peé}s correct for the lower spar, but is certainly too unfavora-
ble for the continuous upper spar. The first values which fall

below the safety factors officially required, are printed dark.

* This result apparently contradicts the view that if the rear
antilift wire is stressed, it would te expected to support and )
relieve the rear lower spar. On the other hand, the stressed an-
tilift wire transfers a component of the cable tension to the spar.
The calculation shows that, of the two opposing effects, the load-
ing preponderates. For medium initial tension, in which the lower
spar is slightly relieved, the rear weight cable is not in ten-
sion. Thig effect is not explained by support from an attached
cable, but ig the result of the mutual support of the spars tight-—
1y held together by the initially stressed wires. The relations
must be further explained by subseguent calculations for other
airplanes. According to a verbal communication from H. Reissner,
the stagger should be radically changed.
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In case A, for the initial tensions under consideration, the up-
per spar has a smaller factor of safety than the lower. 1In case
B, the reverse is true. The official factor of safety is first
fallen short of in the case of high initial ftension in case A at
20%, and in case B at 37% of the total load. 1In case B, where
the lower spar, without initial stress, is already near the limit,
this fact is especially worthy of consideration. The ‘temporary
relief for medium initial tension here has a very favorable ef-
fecte In order that, with a five-fold load in case A, the upper
spar may reach the breaking limit, we mist have V = B X 740 X
20,3/100 = 750 kg, so that with 3.5 times the load, the lower
spar is unsafe in case B, the initial tension amounting to 700 kg.
Neither value is of practical imﬁortance. Ag a matter of fact,

the Royal Airplane Directorate finds the antilift wires almost

always slack in loading tests (Verbal communication from W. Hoff),

so that airplanes are in a condition of low initial tension with
a rmultiple load. If one applies this result to the airplane
shown above in cage A, the initial tension does not amount to
more than 450 kg.

A moderate initial tension of the cable up to about 154 of
the 16tal weight, exerts no harmful influence on the strength of
the SS¥ airplane and is even advantageous for the lower rear spar.
Translated by

National Advisory Committee
for Aeronautics.
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